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ABSTRACT: Metal-reducing microorganisms such as Shewanella
oneidensis MR-1 reduce highly soluble species of hexavalent uranyl
(U(VI)) to less mobile tetravalent uranium (U(IV)) compounds. The
biologically mediated immobilization of U(VI) is being considered for
the remediation of U contamination. However, the mechanistic
underpinnings of biological U(VI) reduction remain unresolved. It has
become clear that a first electron transfer occurs to form pentavalent
(U(V)) intermediates, but it has not been definitively established
whether a second one-electron transfer can occur or if disproportionation
of U(V) is required. Here, we utilize the unusual properties of dpaea2−

((dpaeaH2bis(pyridyl-6-methyl-2-carboxylate)-ethylamine)), a ligand
forming a stable soluble aqueous complex with U(V), and investigate the
reduction of U(VI)−dpaea and U(V)−dpaea by S. oneidensis MR-1. We
establish U speciation through time by separating U(VI) from U(IV) by
ion exchange chromatography and characterize the reaction end-products using U M4-edge high resolution X-ray absorption near-
edge structure (HR-XANES) spectroscopy. We document the reduction of solid phase U(VI)−dpaea to aqueous U(V)−dpaea but,
most importantly, demonstrate that of U(V)−dpaea to U(IV). This work establishes the potential for biological reduction of U(V)
bound to a stabilizing ligand. Thus, further work is warranted to investigate the possible persistence of U(V)−organic complexes
followed by their bioreduction in environmental systems.

KEYWORDS: pentavalent uranium, uranium reduction, electron transfer, disproportionation, Shewanella, bioremediation,
HERFD-XANES, scanning transmission electron microscopy (STEM)

■ INTRODUCTION

The environmental behavior of uranium (U) is driven by its
redox chemistry. In its oxidized cationic form, U(VI) (UO2

2+),
it is highly soluble and mobile when forming stable complexes
with appropriate ligands (e.g., carbonate),1,2 whereas in its
reduced form, U(IV), it tends to precipitate as crystalline U
oxides3 or in an amorphous U phase.4 These physicochemical
properties have been proposed for the remediation of U-
contaminated areas by immobilizing U as U(IV).5 The
transition from U(VI) to U(IV) occurs via the transfer of
two electrons by a microorganism,3,4,6−9 such as dissimilatory
metal-reducing bacteria (DMRB) Geobacter sulfurreducens3 or
Shewanella oneidensis MR-1,4,8,9 or a reduced mineral phase,
such as ferrous iron-bearing minerals.10−13 In both mineral and
biological cases, a pentavalent U(V) intermediate has been
shown to form following a one-electron transfer to the U(VI)
moiety.14−22 Furthermore, U(V) appears to persist under
certain environmentally relevant conditions;14,15 however, it
remains challenging to detect it, due to its sensitivity to
oxidation and its ability to undergo rapid disproportionation to
U(VI) and U(IV), through the interaction of two uranyl(V)
cations (i.e., cation−cation interaction, CCI).23

If the biological formation of U(V) has been documented
repeatedly as the result of a one-electron transfer from bacteria
to U(VI), the transformation of U(V) to U(IV) has yet to be
clarified. Indeed, it has been suggested in multiple studies that
uranyl(V) forms and disproportionates to uranyl(VI) ion and a
U(IV) species.18−22 In those studies, U(VI) reduction was
monitored in a carbonate-rich buffer in the presence of
Geobacter sulfurreducens,18,21 Shewanella oneidensis MR-122 or a
microbial biofilm.19 Direct experimental evidence of uranyl(V)
arose from EXAFS analysis of the incubation supernatants of
G. sulfurreducens,18 and recently from M4-edge HR-XANES on
cell suspensions of S. oneidensis MR-1.22 As for the second step
of the biological reduction, these studies support the
disproportionation of uranyl(V), which leads to U(VI) and
U(IV). In fact, Renshaw et al. justify uranyl(V) disproportio-
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nation in their system by substituting stable Np(V) to U(V) in
their experiment and reporting its lack of reduction.18 By
analogy, the authors conclude that U(V) would not either, and
thus that U(V) disproportionates to form U(IV). Such
observations were later supported by Jones et al.21 and more
recently by Vettese et al.,22 who report a sawtooth profile for
uranyl(VI) fluorescence in cell suspensions of G. sulfurreducens
and S. oneidensis MR-1, respectively.21,22 The repeated
increases in the U(VI) fluorescence intensity, forming the
sawtooth profile, are interpreted as U(V) disproportionation
releasing uranyl(VI).
However, these experiments were conducted in carbonate-

rich buffer18,22 in which the disproportionation of U(V) is
rapid at circumneutral pH.24 In the environment, biological
U(VI) reduction often occurs in organic-rich environ-
ments.25,26 In light of the fact that other pentavalent actinides,
such as Np(V) and Pu(V), are reduced to Np(IV)27 and
Pu(IV)28 by S. oneidensis, stabilization of U(V) by organic
ligands may allow the direct biological reduction of U(V) to
U(IV).
In order to fully characterize the mechanism of biological

transformation of U(V) to U(IV), we sought direct evidence of
the biological reduction of U(V) by S. oneidensis MR-1, using
an original approachthe stabilization of soluble U(V) with
the novel ligand, dpaea2− (dpaeaH2bis(pyridyl-6-methyl-2-
carboxylate)-ethylamine). Dpaea belongs to the class of
aminocarboxylate ligands, characterized by one or more
nitrogen atom(s) bonded to a carboxylic group via a carbon
atom. These ligands have the propensity to chelate metal ions
(such as Fe3+, Cu2+, Zn2+).29 Dpaea contains the pyridine-
carboxylate metal-binding groups also found in dipicolinic acid.
Aminocarboxylate ligands are found naturally in the environ-
ment. In fact, they are produced as dipicolinic acid in bacterial
endospores,30 or nicotianamide in gramineous plants.31 In
addition, because of their chelation potential, they are applied
to remediate metal-contaminated sites (for instance ethyl-
enediaminetetraacetic (EDTA), nitrilotriacetic acid (NTA),
ethylenediamine-N,N’-disuccinic acid (EEDS)),32 or support
radionuclide extraction in nuclear wastes (for instance,
diethylenetriaminepentaacetic acid DTPA).33−36

The two goals of this work were to confirm that U(V) forms
as a pathway intermediate in the presence of complexing
ligands such as dpaea and to establish whether U(V)−dpaea
undergoes further biological reduction to U(IV). We note that
direct reduction of the U(V)−dpaea complex by chemical
reagents has been recently observed by some of the authors in
both organic solvents and in water affording monometallic
([UIV(dpaea)(OBpin)2(py)] and trimetallic ([Na(H2O)5{U-
(dpaea)}3(μ-O)2(μ−OH)(μ3-SO3)]) complexes, respec-
tively.37 Previously reported complexes of dpaea with uranium
include U(VI)−dpaea ([UO2(dpaea)]), U(V)−dpaea ([K-
(2.2.2.crypt)][UO2(dpaea)]), U(IV)−dpaea (U(dpaea)2)

38,37

and the trinuclear uranium(IV) μ-oxo/hydroxo bridged cluster
[Na(H2O)5{U(dpaea)}3(μ-O)2(μ−OH)(μ3-SO3)] obtained
from the chemical reduction of U(VI)− and U(V)−dpaea in
water. The U(V)−dpaea complex is stable and soluble in water
at pH 7, allowing for the persistence of the ordinarily transient
pentavalent species.38 Here, we monitored U oxidation state
through time using a combination of spectroscopic, spec-
trophotometric, and separation techniques. We report the
reduction of U(VI)−dpaea to uranyl(V)−dpaea, and observe
the further reduction to a solid-phase, noncrystalline U(IV)
product. Hence, we suggest that the biological reduction of

U(VI)−dpaea occurs via two successive one-electron transfers,
rather than via disproportionation of the U(V)−dpaea
intermediate. The reaction proceeds as follows: (i) U(VI)−
dpaea(s) to U(V)−dpaea(aq), and then (ii) U(V)−dpaea(aq) to
noncrystalline U(IV) and organic complexes of U(IV)(s).

■ EXPERIMENTAL METHODS
Strain and Growth Conditions. Details of strain growth

and conditions are described in the Supporting Information
(Text S1).

Resting Cells Experiments. Reduction of U(VI)−dpaea.
All manipulations were performed inside a nitrogen-atmos-
phere anaerobic chamber (MBraun, Germany), with O2 < 0.1
ppm. S. oneidensis MR-1 was incubated, under non-growth
conditions, in anoxic modified WLP medium (SI Table S1) in
the presence of solid phase U(VI)−dpaea ([UO2(dpaea)] MW
= 583 g·mol−1) at an equivalent aqueous concentrations of 2.5
mM, and synthesized as previously described,38 along with 20
mM of lactate as the electron donor. The starting OD600 of the
incubations was measured to be 1. The incubations were
maintained in the dark at room temperature, inside the
anaerobic chamber. At several time points, an entire culture
was sacrificed for analysis purposes. Solid phase U was
separated by centrifugation (10 min at 12 100g) and the
supernatant was further filtered through 0.2 μm PTFE filters
(Whatman, Maidstone, United Kingdom). Aliquots of the
filtered supernatant were saved for U concentration determi-
nation and for HR-XANES measurements. In the latter case,
the supernatant and the solid phase were instantaneously
frozen in the glovebox with a cold trap filled with liquid
nitrogen. Both solid and aqueous phases were also retained for
further separation by ion exchange chromatography, as
described below.

Reduction of U(V)−dpaea. As U(V) is highly sensitive to
oxidation, all materials were left at least 24 h under vacuum
prior to entering the anoxic chamber, and allowed to
equilibrate for 2−3 days under anoxic conditions before use.
Regarding the preparation of the cells, in addition to the three
washes in modified anoxic WLP, 10 min cycles of vacuum
followed by nitrogen injection were done (in the headspace of
a 10 mL anaerobic glass vial). Two sets of experiments were
performed. The first set (called “biological”), used as a starting
material U(V)−dpaea biologically produced via reduction of
U(VI)−dpaea with S. oneidensis MR-1 (described above). The
supernatant of the culture incubated with U(VI)−dpaea was
recovered by filtration through 0.2 μm filters. As U(VI)−dpaea
is insoluble, the majority of U in solution was expected (and
later confirmed) to be U(V)−dpaea. The second set (called
“synthetic”) used synthetic U(V)−dpaea prepared as pre-
viously described (([K(2.2.2.cryptand)][UO2(dpaea)] MW =
998.93 g·mol−1).38 For both starting materials, S. oneidensis
MR-1 was incubated with soluble U(V)−dpaea and 20 mM
lactate. The initial concentration of U in the “biological” set
was 50 μM (corresponding to about 100 μg of U(V)−dpaea)
and in the “synthetic” set, 30 μM (corresponding to 60 μg of
U(V)−dpaea). Both types of systems were incubated for 13
days in the glovebox, in the dark.
All experiments were conducted in duplicate and a no-cell

control experiment was performed in parallel. The no-cell
control experiment consisted of U(V)−dpaea, either “bio-
logical” or “synthetic”, in modified WLP anoxic medium
(identical to the one used for the cells) in the presence of 20
mM lactate. At specific times, entire cultures were sacrificed
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from each “biological” and “synthetic” U(V)−dpaea incuba-
tions, and associated no-cell or inactive cell controls (where
relevant), followed by separation of U(VI) and U(IV) by ion
exchange chromatography. Confirmatory UV−vis character-
ization was performed in selected cases (SI Text S2 and Figure
S1).
Additionally, experiments were conducted with a control

consisting of a deletion mutant lacking one gene from the
maturation system of the c-type cytochrome pool, ΔccmG (SI
Text S3 and Text S4, Figure S2, Tables S2 and S3).
In order to analyze the end-product of reduction by U M4-

edge HR-XANES spectroscopy, solid phase U was recovered
by centrifugation after 4 days of incubation of S. oneidensisMR-
1 with 400 μM biologically produced U(V)−dpaea and stored
frozen until analysis.
Ion Exchange Chromatography. Ion exchange chroma-

tography was performed to resolve the U oxidation state in
both the solid and aqueous phases as a function of time, for
both the U(VI) and U(V) reduction experiments described in
the previous sections. Separation was achieved with Dowex 1×
8 powder (100−200 mesh; chloride form) packed in
polypropylene chromatography columns (Poly-Prep, Bio-Rad,
Hercules, California, United-States) inside the anaerobic
chamber. The Dowex resin is a strongly basic cationic resin
which allows the separation of U(VI) from U(IV) in an HCl-
acidified sample.39,40 For U(VI) reduction experiments,
aqueous phases (supernatants) were collected and diluted in
anoxic HCl to a final concentration of 4.5 M HCl, and solid
phases (cell pellets) were digested in 4.5 M HCl. After
digestion, samples were loaded onto resin slurry-packed
columns that were pretreated with 4.5 M HCl. The U(IV)
fraction was eluted first in about 30 mL of anoxic 4.5 M HCl
(15 bed volumes), followed by elution of the U(VI) fraction in
0.1 M HCl, again in approximately 15 bed volumes of eluent.
All separations were performed in analytical grade HCl.
Uranium Quantification. Details of the uranium

quantification by ICP-MS are described in the Supporting
Information (Text S5).
HR-XANES. U M4-edge (3.726 keV) HR-XANES was used

to elucidate the oxidation state of U in selected samples.
Spectra were collected at the station for actinide science
(ACT) at the CAT-ACT beamline at the Karlsruhe Research
Accelerator (KARA), Karlsruhe, Germany. The CAT-ACT
beamline is equipped with a Johann type X-ray emission
spectrometer.41 The incident beam was monochromatized by a
Si(111) double crystal monochromator (DCM) and focused
onto the sample to a spot size of about 500 μm × 500 μm. The
X-ray emission spectrometer consists of four Si (110) crystals
with 1 m bending radius and a single diode VITUS silicon drift
detector (Ketek, Germany), which together with the sample
are arranged in a vertical Rowland circle geometry. A UO2
reference was used to calibrate the spectra. The main
absorption maximum was set to 3.275 keV. The sample cells
were placed in an inert gas cell and were constantly flushed
with He, maintaining anoxic conditions. The X-ray spectrom-
eter was inside a He-flushed box in order to minimize intensity
loss due to absorption or scattering of photons. Wet pastes and
liquid samples were loaded into the sample holder in an
anaerobic chamber, frozen immediately and stored on dry ice
until the measurements. Regarding data processing, normal-
ization and linear combination fits (LCF) were performed
using the ATHENA software.42 The spectra obtained for the
wet pastes and the liquids were modeled using the references

U(VI)−dpaea, U(V)−dpaea, and U(IV)−dpaea2, for which
spectra were also collected and analyzed in the same manner.
The goodness of fit was evaluated with two statistical
parameters, the R-factor and the reduced χ2, which were
minimized by the fitting algorithm.

Electron Microscopy. We used scanning transmission
electron microscopy (STEM), energy dispersive X-ray spec-
troscopy (EDS) and selected area electron diffraction (SAED)
(FEI Tecnai Osiris, equipped with SuperX EDS detector) to
characterize the product of U(V)−dpaea reduction by S.
oneidensis MR-1. Details of data collection and analysis are
described in the Supporting Information (Text S6).

■ RESULTS
Reduction of U(VI)−DPAEA. Transformation of U(VI)−

dpaea by S. oneidensis MR-1. U(VI) reduction by strain MR-
1 has been studied extensively.3,4,8,9,22 Here, in contrast to
most previous studies, we considered the reduction of solid
phase U(VI), in the form of U(VI)−dpaea. In fact, we
expected that the reduction of U(VI)−dpaea would result in
the formation of the soluble U(V)−dpaea complex,38

effectively reductively mobilizing U. Therefore, we monitored
U concentration in the incubation supernatants through time
by ICP-MS. As illustrated in Figure 1A, we observed an

increase in the U concentration in the culture supernatants, up
to 1.9 mM (corresponding to 75% of total U) after 96 h of
incubation. The no-cell control experiments showed a low U
concentration in solution (50 μM, corresponding to 2% of
total U in this experiment) due to the low solubility of the
U(VI)−dpaea complex (SI Figure S3). Thus, we propose that
solid phase U(VI)−dpaea was being transformed by S.
oneidensis MR-1, forming soluble U species. In addition, we
noticed that the aqueous phase turned pink. Therefore, we
attempted to follow the reaction by UV−vis spectroscopy (SI
Figure S1A). UV−vis spectra of the aqueous phase were
collected at 0 h, 24 h, and 72 h. At 0 h, we did not detect any
light-absorbing compound. However, after 24 h and 72 h, light
absorbance was detected and the spectra showed a broad line
with a maximum at 460 nm. By comparing this spectrum with
the reference spectra of U(V)−dpaea under identical
conditions, we hypothesized that U(V)−dpaea was formed
in the aqueous phase of the incubations.

Figure 1. A. U concentration in the incubation supernatants (pink
dots) and in no-cell controls (yellow dots), measured from 0 to 96 h
of incubation with U(VI)−dpaea (in duplicates). B. U speciation in
the solid phase and in the aqueous phase of the incubations (in μg).
The U(VI) and U(IV) fractions were obtained by ion exchange
chromatography.
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Ion Exchange Chromatography of U(VI) and U(IV). In
order to further confirm our hypothesis that the soluble U
product that accumulated in the aqueous phase was
pentavalent U, we performed ion exchange chromatography.
For each time point, we were able to delineate the contribution
of U(VI) and U(IV) as shown in Figure 1B and SI Table S4.
As the amount of solid phase U(VI)−dpaea decreased, we
observed the formation of a small amount of solid phase
U(IV), and increasing U(VI) and U(IV) in the aqueous phase.
The ion exchange chromatography separation cannot directly
identify U(V), because the samples are acidified prior to
loading onto the column. Acid treatment is known to
disproportionate uranyl(V) and to produce equal proportions
of U(VI) and U(IV).24 We observed that, at all incubation
times analyzed, aqueous U(VI), and U(IV) were distributed in
the supernatants at a contribution of 55% and 45%,
respectively, suggesting that U(V)−dpaea formed and
accumulated in the supernatant. The slight excess of aqueous
U(VI) (corresponding to 50 μM U) was attributed to the
solubility (albeit low) of U(VI)−dpaea (SI Figure S3).
To confirm that the obtained ratio of U(VI) and U(IV) is a

proxy for U(V)−dpaea, we eluted a preparation of 600 μM
synthetic U(V)−dpaea under similar conditions. After acid-
ification and separation, U concentrations in the U(VI) and
U(IV) fractions were 294.6 μM and 294.4 μM, respectively.
This test confirmed that a 1:1 U(VI)/U(IV) ratio obtained
after ion exchange chromatography separation, corresponds to
U(V).
M4-Edge HR-XANES. To provide further evidence for the

oxidation state of U in the aqueous and solid phases, we
collected M4-edge HR-XANES spectra. Late time points were
selected in order to ensure that a sufficiently high
concentration of U had accumulated in the aqueous phase to
allow the acquisition of spectra with a high signal-to-noise ratio
(Figure 2). The energy positions of the first intense absorption

peak of the spectra of the U(IV)−dpaea, U(V)−dpaea and
U(VI)−dpaea references shift to higher energies in the order
U(IV), U(V), U(VI) (Figure 2A). The energy positions of the
spectral features are listed in SI Table S5. The spectra of
U(VI)−dpaea and U(V)−dpaea displayed shapes typical for
uranyl(VI) (UO2

2+) and uranyl(V), respectively.43,44 The
spectra obtained for the supernatants (aqueous phase)
collected after 72 h and 96 h of incubation (Figure 2A.)
resembled closely that of U(V)−dpaea, which confirms the ion
exchange chromatography results (Figure 1). The spectra of
the samples feature two intense peaks with maxima at 3.7258
and 3.7272 keV for the 72 h sample and at 3.7260 and 3.7272
keV for the 96 h sample. In comparison, the U(V)−dpaea
standard exhibits peak maxima of those peaks at 3.7258 and
3.7271 keV (SI Table S5). Moreover, linear combination fits
(LCF) (SI Figures S4 and S5) revealed that both supernatants
contained more than 80% U(V), as reported in SI Table S6.
Furthermore, the split peak at 3.7258−3.7260 to 3.7272 keV in
both the uranyl(V) standard and the samples (SI Figure S4)
indicated the presence of uranyl(V) rather than uranate-
(V).16,43 Qualitative analysis of M4-edge HR-XANES data
show that the U solid phase collected after 150 h (SI Figure
S6) is mainly composed of U(VI)−dpaea with small
contributions of U(IV) and possibly U(V) (SI Table S6).
We interpret this result as the contribution of residual solid
phase U(VI) combined with a small amount of precipitated
U(IV). We attribute the presence of U(V) in the solid phase to
the sorption of soluble U(V)−dpaea on the cells or the surface
of U(VI)−-dpaea.

Reduction of U(V)−dpaea. In order to probe whether
biological reduction of U(V)−dpaea occurred in these
experiments, we performed two additional bio-reduction
experiments with U(V)−dpaea as the starting substrate. The
first, utilizing biologically generated U(V)−dpaea, was
performed to establish the continuity of the reduction
mechanism from U(VI) to U(IV). The second, utilizing
chemically synthesized U(V)−dpaea, was performed in order
to systematically uncouple the second electron transfer (U(V)
to U(IV)) from the first (U(VI) to U(V)).
For this set of experiments, we validated the ion-exchange

chromatography by testing it on decreasing U(V)−dpaea
concentrations (from 220 μM to 4.2 μM). We noticed that the
U(VI)/U(IV) ratio obtained after separation of U(V)−dpaea
was dependent on the initial U(V)-dpaea concentration in
solution, before acid treatment (SI Figure S7). Therefore, the
results of the U(V)−dpaea reduction experiments, presented in
the sections below, were corrected after establishing the
relationship between initial [U(V)−dpaea] and the percentage
of U in the U(IV) fraction (SI Figure S8). We also evaluated
that the dpaea ligand does not have an effect on
chromatography elution (SI Figure S9). The details of this
correction factor are reported in the Supporting Information
(Text S7).

Reduction of Biologically Produced U(V)−dpaea. Aqueous
U concentrations were monitored in incubations of S.
oneidensis with biogenic U(V)−dpaea over up to 312 h (13
days). Over this experimental time, we showed that the cell
number decreased but remained greater than a thousand cells/
mL (experimental method described in SI Text S2, and results
in SI Figure S10). While the concentration of aqueous U
remained constant at around 50 μM in the controls without
cells over the duration of the experiment, aqueous U in the
biological incubations decreased steadily down to 30 μM

Figure 2. U M4-edge HR-XANES spectra demonstrating reduction of
(A) U(VI)−dpaea and (B) biologically produced U(V)−dpaea. The
references U(VI)−dpaea (in red), U(V)−dpaea (in pink) and
U(IV)−dpaea2 (in blue) are presented in both panels. The spectra
obtained for UO2 is shown as a dashed line. U(IV)−dpaea2 was used
as a reference and likely does not fully characterize the U(IV) phases
present. In addition to the references, the spectra obtained for (A) the
aqueous phase after 72h and 96h of incubation, and for (B) the solid
phase (cell pellet) collected after 85 h of incubation of S. oneidensis
MR-1 with U(V)−dpaea are presented.
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(Figure 3A). In addition, as U(V)−dpaea was removed from
the aqueous phase, a concomitant increase in solid-associated

U was observed (Figure 3A). In contrast, we did not observe
the formation of a solid phase in the abiotic controls. Ion
exchange chromatography of the solid phases recovered from
the incubations revealed that they are composed of U(IV)
(Figure 4A). We further substantiate U speciation in the solid

phase using M4-edge HR-XANES (Figure 2B). The spectra
collected for the solid phase U recovered after 85h of
incubation showed a single peak at 3.7257 keV (SI Table
S5), similar to the U(IV)−dpaea2 standard, and LCF suggests
a composition of ∼90% U(IV) with a small contribution of
U(V), most likely in an uranate configuration (SI Table S6).
To better delineate the nature of the U(IV) product,

samples of the cell pellet recovered after 3 months of
incubation were analyzed by TEM. We pinpointed two
major morphologies of the U(IV) product which are
represented in Figure 5. The first morphology corresponds
to aggregates of U, smaller than 200 nm, distributed at the

surface of the bacteria (Figure 5A−C), and the second exhibits
U-bearing clusters larger than 1 μm associated with biomass
(Figure 5D−F). EDS spectra of the two types of U
morphology showed the predominance of U and O for both
types but only significant contributions of N for type 2 (SI
Figure S11). SAED diffraction patterns also acquired on both
morphologies display diffuse rings, suggesting that both are
noncrystalline (SI Figures S12 and S13). We propose that the
type 2 morphology may correspond to U(IV)−dpaea2 (a
sparingly soluble complex with an equilibrium solubility of 10
μM, SI Figure S3) and type 1 to non-crystalline U(IV)
typically expected in U(VI) reduction by bacteria4 EXAFS
analysis is needed to determine definitively the structure of the
end product.

Reduction of Synthetic U(V)−dpaea. We observed similar
results when the same experiment was conducted with
synthetic U(V)−dpaea. Indeed, U remained stable in the no-
cell controls at around 27 μM (Figure 3B). In contrast, the
amount of U in solution decreased steadily in the culture
supernatants down to 13 μM, with the concomitant formation
of a solid phase (Figure 3B). Ion exchange chromatography
separation of the acid-solubilized solid phase also showed the
predominance of solid U(IV) (SI Figure S14). Furthermore,
UV−vis spectroscopy of the aqueous phase showed (i) stability
of U(V)−dpaea in the aqueous phase in the absence of cells
and (ii) a slight decrease in the absorbance for incubations
with cells further supporting that U(V)−dpaea was trans-
formed by the bacteria (SI Figure S3B). Cell viability was
monitored over 30 days (SI Figure S10), and shown to
decrease, as expected, but to remain above 103 cells/mL.

Reduction Is the Dominant Mechanism. In order to
confirm that the solid phase U(IV) observed in the incubations
of S. oneidensis MR-1 with U(V)−dpaea was the product of an
active reduction mechanism, we probed the ability of a ccmG
deletion mutant to carry out the reduction. The ΔccmG
mutant lacks a key gene involved in the maturation of c-type
cytochromes, and therefore is devoid of these proteins. Hence,
in an experiment similar to the one described above, we
incubated ΔccmG cells, MR-1 wild type (WT) cells, and a no-
cell control with 550 μM synthetic U(V)−dpaea. As expected,
ΔccmG cells did not transform U(V)−dpaea over 336h (14
days) (Figure 6A), whereas we observed a 20% decrease in the
concentration of U(V)−dpaea in the incubations with MR-1
WT cells and a 2.5% decrease for the no-cell control. This
finding suggests that the presence of c-type cytochromes is
required for U(V)−dpaea reduction. Additionally, we can
exclude disproportionation as a significant contributor to
U(V)−dpaea reduction. This is because U(V)−dpaea
reduction does not occur in the presence of the ΔccmG
mutant. Furthermore, the complex is stable in the absence of
cells (no-cell control), or in the presence of inactivated cells
(SI Text S8 and S9, Figures S15, S16, and S17). In contrast, we
observed the substantial decrease in the concentration of
U(V)−dpaea in the presence of active WT cells, providing
evidence for microbial U(V)−dpaea reduction. These results
concur to demonstrate that U(V)−dpaea can be actively
reduced by strain MR-1 cells via an electron transfer flow likely
mediated by c-type cytochromes.

Mechanism of U(VI)−dpaea Reduction. We report that
S. oneidensis MR-1 can reduce solid phase U(VI)−dpaea to
uranyl(V)−dpaea by a one-electron transfer. U(V)−dpaea is
released in the culture supernatant and remains stable over the
duration of the experiment. The use of the dpaea ligand to

Figure 3. Aqueous and solid phase U concentration through time in
incubations with S. oneidensis MR-1 and no-cell controls with (A)
biologically produced U(V)−dpaea (B) synthetic U(V)−dpaea.

Figure 4. U oxidation state in the solid phase (cell pellet) and in the
aqueous phase (supernatant) of (A) incubations with S. oneidensis
MR-1 (B) and no-cell controls, in the presence of “biological” U(V)−
dpaea. The U(VI) and U(IV) fractions were obtained by ion
exchange chromatography. The ion exchange chromatography
separation cannot directly identify U(V), because the samples are
acidified prior to loading onto the column. Acid treatment is known
to disproportionate uranyl(V) and to produce equal proportions of
U(VI) and U(IV). Therefore, here the equal proportions observed for
U(VI) and U(IV) in the supernatant are a proxy for U(V) (result
demonstrated by U M4-edge HR-XANES).
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coordinate and stabilize U(V) in water at pH 7 allowed for the
accumulation of this intermediate in solution. Our results are
congruent with the Renshaw et al. and others,18,21,22 where a
transient uranyl(V) species was proposed to form in Geobacter
sulf urreducens cell suspensions after 4 h of incubation.
However, additionally, our system evidenced the biological
reduction of U(V)−dpaea by an additional one-electron
transfer. Clearly, the enhanced stability of U(V) afforded by
the dpaea ligand extends the half-life of U(V) in solution,
allowing this process to take place. The significance of the
results lies in the demonstration that S. oneidensis MR-1 cells
are able to actively reduce U(V)−dpaea. This finding is
consistent with the reduction of Np(V) and Pu(V) by the
same organism.27,28 It is conceivable that the same would
occur for U(V) organic complexes provided that they persist
sufficiently long for biological reduction to preempt
disproportionation.

Thus, the molecular mechanism of U(VI)−dpaea reduction
is distinct from that described by Sundararajan et al. for
[U(VI)O2(H2O)5]

2+.45 They assumed that a transient U(V)
species formed after the transfer of two electrons from the c-
type cytochrome PpcA of Geobacter sulfurreducens to the
associated U(VI)−U(VI) dimer. In the proposed scenario, a
U(V)−U(V) dimer is formed and disproportionates to U(VI)
and U(IV). In this work, it is unlikely that such a dimer can
form because of the bulky pentadentate ligand dpaea. In fact,
the dpaea ligand obstructs the equatorial plane of the U atom,
preventing CCI and thus, disproportionation. Therefore, we
suggest that electron transfer involved a monomer U(VI)−
dpaea. Once U(V)−dpaea was formed in the supernatant, it
remained stable until further reduction occurred. Spontaneous
disproportionation was excluded since the structure was found
to be stable up to three months in water at pH 7.38 Moreover,
[U(V)−dpaea] remained unchanged in the no-cell and ΔccmG
mutant controls over the course of our assays.
The reduction of water stable U(V)−dpaea to U(IV)

implies that structural changes took place, namely the cleavage
of the two uranyl dioxo bonds. The process may be facilitated
by the functionalization of one of the uranyl oxygen atoms46 by
hydrogen binding with an enzymatic residue of the outer-
membrane cytochromes MtrC or OmcA. Also, the second
reduction step exhibited slower kinetics than the first, with
half-lives of 984 h (41 days) and 528 h (22 days) for the
“biological” and “synthetic” U(V)−dpaea, respectively, com-
pared to 20 h for U(VI)−dpaea reduction to U(V)−dpaea.

Thermodynamic Considerations. The MtrCAB protein
complex in S. oneidensis MR-1 spans potentials from 0 to −400
mV (against the standard hydrogen electrode (SHE)),47 and
therefore accesses a large range of redox substrates. The
reduction potential of U(VI)−dpaea/U(V)−dpaea was −312
mV (SHE),37 thus, the first reduction step of U(VI) to U(V),
lies within the reduction potentials accessible to the MtrCAB
complex. It suggests that a one-electron reduction of U(VI)−
dpaea by MtrC/OmcA would be energetically favorable.
Regarding the second reduction step from U(V)−dpaea to

U(IV), there is no reported redox potential for the U(V)−
dpaea/U(IV) in aqueous medium. Indeed, the absence of a
redox wave on the cyclic voltammogram of U(V)−dpaea

Figure 5. STEM images acquired on S. oneidensis MR-1 incubated with U(V)−dpaea for 3 months. We mainly observed two types of uranium
morphologies. A, B, and C describe morphology type 1 corresponding to U aggregates smaller than 200 nm dispersed at the surface of the bacteria.
D, E, and F show morphology type 2, in which U forms larger (>1 μm or μm) clusters in association with the bacterial cells.

Figure 6. Aqueous U(V)−dpaea concentration (A) and cell viability
(B) through time in incubations with S. oneidensis MR-1, the deletion
mutant ΔccmG and a no-cell control.
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associated with the transition of U(V) to U(IV) may be
explained by the slow kinetics of electron transfer or by
significant structural rearrangements.37 However, dithionite,
which is the reduced product in the sulfite/dithionite couple
(HSO3

2−/S2O4
2−), with an electrochemical potential of −660

mV against SHE at pH 7, was shown experimentally to reduce
U(V)−dpaea to U(IV) in an aqueous solution buffered at pH
7 with HEPES.37 This observation implies that the redox
potential of U(V)−dpaea/U(IV) could be accessible by MtrC/
OmcA and a one-electron reduction of U(V)−dpaea to U(IV),
energetically favorable.
Environmental Relevance. In this work, the dpaea ligand

was a powerful tool to characterize the reduction mechanism of
U reduction and to trap the pentavalent species. This is an
approach that allowed the elucidation of whether biological
U(V) reduction was possible in the presence of organic ligands
closely related to dipicolinic acid. With this point now
resolved, it opens the door for investigations with more
environmentally relevant ligands.
Bulky ligands and ligands that can bind metal ions with a

high number of donor atoms may contribute to slowing down
the disproportionation, by preventing CCI between two
uranium nuclei. The dpaea ligand displays significant steric
effects around the U nucleus because of the aromatic rings
occupying the equatorial plane of the complex. In addition, this
ligand is pentadentate and therefore occupies five coordination
sites at the metal center, which prevents disproportiona-
tion.48,49 In contrast, smaller ligands or ligands with a
coordination number lower than 3 may allow CCI and
consequently disproportionation.50

We expect that other polydentate ligands, with similar
properties as dpaea, may stabilize uranyl(V) sufficiently to
allow the reduction of the U(V) species. For instance, we could
envision other aminocarboxylate ligands such as EDTA, NTA,
or DTPA (used to extract radionuclides in the process of
radioactive waste treatment33) may behave similarly. In
addition, fulvic and humic acids, abundant in organic rich
soils, have numerous carboxylic and hydroxyl functional groups
and are additional candidates to stabilize uranyl(V) in the
subsurface.
Additional work, with the above-mentioned ligands and in

natural sediments, is needed to investigate these hypotheses.
Moreover, the dpaea system could be a valuable system to
interrogate the isotopic signature associated with a single one-
electron transfer step and how it impacts the overall isotopic
fractionation of biological U reduction.
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